We examined the effect of rapamycin on the life span of a mouse model of type 2 diabetes, db/db mice. At 4 months of age, male and female C57BLKSJ-lepr db/db mice (db/db) were placed on either a control diet, lacking rapamycin or a diet containing rapamycin and maintained on these diets over their life span. Rapamycin was found to reduce the life span of the db/db mice. The median survival of male db/db mice fed the control and rapamycin diets was 349 and 302 days, respectively, and the median survival of female db/db mice fed the control and rapamycin diets was 487 and 411 days, respectively. Adjusting for gender differences, rapamycin increased the mortality risk 1.7-fold in both male and female db/db mice. End-of-life pathological data showed that suppurative inflammation was the main cause of death in the db/db mice, which is enhanced slightly by rapamycin treatment.
Rapamycin (also known as Sirolimus) is a macrocyclic lactone produced by Streptomyces hygroscopicus, which was initially shown to inhibit to growth of fungi and other eukaryotes. Research in the early 1990s showed that rapamycin exerted its antigrowth/proliferative effects through its binding to a specific protein, Target of Rapamycin (TOR) (1) (2) (3) . TOR has been shown to be a serine/threonine kinase that regulates the response of eukaryote cells to nutrients, growth factors, and cellular energy status. In mammals, TOR (mTOR) is found in two major complexes: mTORC1, which is inhibited by rapamycin (4) and mTORC2, which has been reported to be insensitive to rapamycin; however, recent data suggest that long-term rapamycin treatment might inhibit mTORC2 (5) . Studies in invertebrates show that inhibition of the TOR signaling pathway increased life span of yeast, Caenorhabditis elegans, and Drosophila.
In 2009, Harrison and colleagues (6) made a major discovery when they showed that feeding rapamycin to mice significantly increased the mean and maximum life span of both male and female mice.
Since the initial publication in 2009, six other reports have been published showing that rapamycin increases the life span of various strains of wild type mice (7) (8) (9) (10) (11) (12) . In addition, eight reports have been published showing that rapamycin increases the life span of genetically modified mouse models of various human diseases, ranging from models of cancer to mouse models of progeria and a mitochondrial disease (13) (14) (15) (16) (17) (18) (19) (20) . However, rapamycin treatment of transgenic mice overexpressing a mutant form of Cu/Zn-superoxide dismutase that mimics amyotrophic lateral sclerosis had either no effect on life span of H46R/H48Q mice (21) or decreased (~15%) the life span of G93A mice (22) . Thus, although the current data show that the effect of rapamycin on life span is very robust and reproducible in a large number of strains and genetic models of mice, the studies with the amyotrophic lateral sclerosis transgenic mice suggest that rapamycin's longevity effect may not be universal and that some genotypes might not show an increase, and perhaps even a decrease, in life span when treated with rapamycin.
The goal of our study was to determine the effect of rapamycin on the life span of a mouse model of type 2 diabetes. Type 2 diabetes is major age-related disease in the United States, and it is projected that it will increase dramatically over the next three decades because of the increase in the number of elderly adults and the changes in lifestyle and diet (23) . In type 2 diabetic mice (eg, db/db mice), it is known that mTOR activation contributes to renal hypertrophy and matrix accumulation, fibrosis and renal failure (24) . Our group showed that short-term treatment of young db/db mice with rapamycin ameliorates renal hypertrophy and renal matrix protein increment by inhibiting mRNA translation (24) , suggesting that rapamycin treatment might be beneficial for diabetic mice. However, several studies show that mice fed rapamycin develop insulin resistance (10, 25, 26) , and Gyurus and colleagues (27) reported that rapamycin therapy predisposes renal transplant patients to newonset diabetes. Therefore, it was of interest to determine what effect rapamycin would have on the life span and age-related pathology of a mouse model of type 2 diabetes. We chose to study C57BLKSJ-lepr db/db mice because, similar to humans, these mice develop obesity, insulin resistance, and type 2 diabetes including complications such as diabetic nephropathy and are commonly employed as an animal model for the study of type 2 diabetes (28).
Materials and Methods

Animals
Experiments were carried out in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. The protocol was approved by the Institutional Animal Care and Use Committee of the University of Texas Health Science Center at San Antonio. Male and female C57BLKSJ-lepr db/db mice (stock number 000642) were obtained from Jackson Laboratory (ME) at 3 to 5 weeks of age and maintained on a standard chow diet.
Life-span Study
The male and female C57BL/KsJ-lepr db/db mice (db/db) were randomly divided into two groups (n = 40 mice in each group) and the life span was measured as we have described previously (12) . Starting at 4 months of age, one group received the laboratory chow mixed with microencapsulated rapamycin (14 ppm) ad libitum and the control group received laboratory chow containing the same amount of empty capsules ad libitum. The level of rapamycin given to the mice is identical to that used in the initial study by Harrison and colleagues (6) with UM-HET3 mice and by our group (12) with C57BL/6 mice. We found that this level of rapamycin treatment resulted in blood levels of rapamycin of ~2 ng/ml for both male and female db/db mice, which is lower than the rapamycin levels observed in the UM-HET3 (6) and C57BL/6 mice (6,12). Mice were allowed free access to water and were maintained under specific pathogen-free barrier conditions with three mice per cage. The criteria for euthanasia on humane grounds were as follows: losing 20% of body weight, inability to eat or drink, debilitation, infection, and obvious pain or distress; however, only two such events occurred in this study. In addition, three mice died due to their cage being flooded. All five events occurred in rapamycin-treated males and were recorded as right-censored data points. The remaining mice were followed until they died of natural causes. However, only 144 mice were available for final pathologic analysis because of cannibalization and advanced autolysis in some of the animals.
End-of-Life Pathological Analysis
A detailed pathological evaluation was conducted on the mice used in the life-span study when they died. Upon necropsy, gross and microscopic lesions were identified. A detailed pathological assessment was performed on each mouse. The following organs and tissues were excised and preserved in a neutral 10% buffered formalin: brain, pituitary gland, heart, lung, trachea, thymus, aorta, esophagus, stomach, small intestine, colon, liver, pancreas, spleen, kidneys, urinary bladder, reproductive system (males: prostate, testes, epididymis, and seminal vesicles; females: ovaries, oviduct, uterus, and vagina), thyroid gland, adrenal glands, parathyroid glands, psoas muscle, knee joint, sternum, and vertebrae. Any other tissues with gross lesions were also excised. The fixed tissues were processed conventionally, embedded in paraffin, sectioned at 5 µm, and stained with hematoxylin-eosin. Although autolysis of varying severity occurred, it did not prevent the histopathological evaluation of lesions, with the exception of three mice. Diagnosis of each histopathological change and severity of major lesions were determined with histological classifications in aging mice previously described (29) (30) (31) .
A list of pathological lesions was constructed for each mouse, which included both neoplastic and nonneoplastic diseases, and was determined independently by two pathologists. Based on these histopathological data, the tumor burden, disease burden, and severity of each lesion in each mouse were assessed. The tumor burden was calculated as the sum of different types of tumor in a mouse. For example, a mouse that had reticular sarcoma and pituitary adenoma was assigned a tumor burden score of 2. The disease burden was similarly calculated as the sum of the histopathological changes in a mouse. The severity of neoplastic and renal lesions was assessed with the grading system previously described (29) (30) (31) . The percentage of tumor-bearing mice, overall and age-specific incidence of disease, was calculated for each experimental group. The percentage of tumor-bearing mice was calculated as the percentage of mice that had one or more neoplastic lesions. For this assessment, all neoplastic lesions were counted regardless of the severity of tumors, that is, both incidental (not severe enough to be the cause of death) and fatal (severe enough to be the cause of death) tumors were counted.
The probable cause of death was determined independently by two pathologists (Y.I. and G.B.H.) based on the severity of pathology found at necropsy. In cases where mice had a neoplastic lesion, mice with Grade 3 or 4 lesions were categorized as death by neoplastic disease. In more than 90% of the cases, there was agreement by the two pathologists. In cases where the two pathologists did not agree or where disease did not appear severe enough to result in death, the cause of death was categorized as unknown.
Statistical Analysis
The Cox proportional hazard model (32) was fitted to the data using rapamycin, sex, and their interaction as predictors and cohort as a stratifying variable. The proportionality assumption of each Cox model was tested as described by Grambsch and Therneau (33) . Mean, median, and 90% survivorship for each group along with standard errors were obtained via Kaplan-Meier curves, and 95% confidence intervals for the latter two statistics were obtained by resampling the data from each group. For the above models, the R language was used (34) with extensive use of the survival built-in package (35, 36) along with the multcomp (37) and nlme (38) add-on packages.
For the longitudinal body weight experiments, a mixed-effect model was used. The response variable was the first derivative of body weight with respect to day (ie, per-day change in body weight). This was necessary in order to make the data stationary and linear. Most of the rapamycin-treated mice were dead after 400 days of treatment. Therefore after 400 days, the sample would be biased in favor of control mice. To avoid an unbalanced sample, only the data up to the 400th day of the diet were used for each mouse. When the full data set was fit, there were a number of interactions involving sex that could mask a sex-specific rapamycin response. Therefore, the data were split into male and female subsets and analyzed separately. Diet, time on diet, current body weight (centered on the mean body weight at the first measurement for which a first derivative could be calculated), the diet-by-time interaction, and the body-weight-by-time interaction were used as the fixed-effect terms. Centered body weight, time on diet, and their interaction were used as the random-effect terms (ie, within-individual variation). For the purposes of visualizing the data, the fitted values and their 95% confidence intervals were back transformed to the original scale. Figure 1 shows the survival curves for male and female db/db mice after 4 months of age at which time they were put on the two diets. Visually, the survival curves of the db/db mice on the control diet appear to exhibit an exponential decrease with age rather than a Gompertz curve. Using a likelihood ratio test to compare exponential and Gompertz models fitted to these data, we found that the Gompertz model fits these data far better than the exponential model (p = .00000001 for females and p < .00000001 for males). On the control diet, the median survival of male and female db/db mice was 349 and 487 days, respectively, and 90% of the male and female mice died by 758 and 913 days of age, respectively ( Figure 1 , Table 1 ). We found that the hazard ratio (the daily probability of dying relative to the control group) as estimated by the Cox model was lower (~60%) for females than for males (p = .0242) fed the control diet ( Table 2 ). As shown in Table 1 , the mean, median, and maximum survival (defined as age at which 90% of the group are dead) were all decreased in the mice fed rapamycin. After adjusting for the sex difference, rapamycin was found to significantly increase (p = .0496, adjusted) the mortality risk relative to the respective control diet-fed groups by 1.7-fold for both male and female db/db mice ( Table 1) . As shown by the survival curves in Figure 1 , the negative effect of rapamycin on life span occurred in the latter half of the life span, that is, after 400 days of age. Thus, our data show that rapamycin shortens the life span of the short-lived db/db, diabetic mice.
Results
Rapamycin Shortens Life Span of db/db Mice
We also followed the body weights of all mice in the survival study over their life span as shown in Figure 2 . For the mice fed the rapamycin-containing diet, we observed a significantly greater decrease in body weight compared with the mice consuming the control diet. However, the decrease in body weight became less with age. In female mice, the gap between rapamycin and control mice narrowed with age. The body weight of the rapamycin-treated mice mice lagged behind mice fed the control diet in all cases. Table 3 shows the probable causes of death in male and female db/db mice fed control or rapamycin diet. Nonneoplastic diseases accounted for the majority of deaths in male and female db/db mice fed the control and rapamycin-containing diet. The major fatal nonneoplastic disease observed in the control diet-fed db/db mice was suppurative inflammation (61% in males and 29% in females), which was observed in the kidney ( Figure 3C ), urinary tract, peritoneum, liver, lung, and spleen. Both male and female db/db mice fed rapamycin showed a slightly higher incidence of nonneoplastic diseases and a higher incidence of fatal suppurative inflammation compared with db/db mice fed the control diet, although this difference did not reach statistical significance. Approximately 25% of the control diet-fed db/db mice died of neoplastic diseases; hepatocellular carcinoma ( Figure 2D ) accounted for the majority of cancers. Other presumptively fatal neoplastic diseases observed in the control diet-fed db/db mice were lymphoma and sarcoma. The incidence of fatal neoplasia was reduced in both female (p < .05) and male (p < .001) db/db mice fed the rapamycin-containing diet compared with db/db mice fed the control diet (Table 3 ). Figure 1 . Survival of diabetic mice fed control diet or rapamycin-containing diet. Male and female db/db mice were randomized to control diet (black) or diet containing 14 ppm of rapamycin (red) at the age of 4 months and followed until natural death (n = 35 mice for rapamycin-treated males and 40 mice in the three other groups). After adjusting for gender difference, rapamycin was associated with higher rate of death by 1.7-fold (p = .0496) in male and female db/db mice.
Probable Causes of Death
Severity of Pathological Lesions
The effect of rapamycin feeding on the severity of suppurative inflammation and pyelonephritis/glomerulonephritis, two of the most common diseases observed in the db/db mice, was examined using a grading system. The severity of suppurative inflammation was similar between rapamycin-fed and control groups. The severity of pyelonephritis/glomerulonephritis was not significantly different for male and female mice fed the two diets even though the female mice fed rapamycin showed more severe renal lesions (Figure 4 ). The tumor burden, which is defined as the number of different types of neoplastic lesions in a mouse, was also compared because aging mice develop multiple tumors in several organs (39) . The tumor burden was significantly lower in rapamycin-fed male and female db/db mice compared with mice fed the control diet (p = .008 and p = .068, respectively, Figure 4 ). The disease burden, defined as the total number of histopathological changes in a body, has been used as an overall index of pathological status of an animal, for example, disease burden has been shown to increase with age and to be reduced by dietary restriction and in dwarf mice and therefore is a general indication of the overall health status of the animal (29) (30) (31) . As shown in Figure 3 , rapamycin had no significant effect on the disease burden, which may occur because reduction in tumor incidence was countered by a slightly higher incidence of suppurative inflammation.
Discussion
Our study clearly shows that rapamycin reduces the life span of male and female db/db mice. The db/db mice we studied have been used extensively to study type 2 diabetes; they are hyperphagic and develop significant obesity, fasting hyperglycemia, and hyperinsulinemia by 6 weeks of age (40) . The course of the disease is markedly influenced by genetic background with the most severe diabetic phenotype shown on the C57BL/KsJ background, for example, an uncontrolled rise in blood sugar, severe depletion of the insulin-producing beta cells of the pancreatic islets, and early deaths (41) . To our knowledge, our study is the first to characterize the life span (mean, medium, and maximum) and end-of-life pathology of C57BL/KsJ-lepr db/db mice. As can be seen from the survival curves in Figure 1 , the db/db mice die continuously after 4 months of age, resulting in a mean life span of approximately 14 and 19 months for male and female mice, respectively, with the female mice living significantly longer than the male mice. The life span of the db/db mice is much shorter than that of male and female C57BL/6 mice, which both have a mean life span of ~30 months in our facilities; few C57BL/6 die before 20 months of age (12, 42) .
The major end-of-life pathological lesion observed in both male and female C57BL/KsJ-lepr db/db mice was suppurative inflammation, which are acute inflammatory changes in various tissues characterized by massive leukocyte infiltration. The leptin receptor mutation may be a contributing factor for increased occurrence of suppurative lesions because it has been implicated in a delayed immune response (43) . In C57BL/6 mice, suppurative inflammation is relatively rare under specific pathogen-free conditions with the major cause of death due to neoplasia (11, 30, 42) . In db/db mice, the incidence of neoplasia was relatively low, most likely because of the shortened life span. Interestingly, the predominant form of cancer in the db/db mice was hepatocellular carcinoma rather than lymphoma, which is common in other mouse strains (11, 30, 42) , suggesting that diabetes may alter the tumor phenotype. We observed a similar profile of tumors in Sod1 -/-mice (44); therefore, it is possible that diabetes-induced oxidative stress predisposes the db/db mice to develop hepatocellular carcinoma rather than lymphoma. It is also important to note that the tumors occur earlier in the db/db mice compared with C57BL6 mice. Our observation that rapamycin reduces the life span of male and female db/db mice was unexpected because 14 ppm rapamycin, the dose of rapamycin used in this study, had been shown to increase the life span of both genetically heterozygous [UM-HET3 (6,7,10)] and an inbred [C57BL/6 (9,12)] strains of mice. In fact, the study by our group showing that rapamycin increased the life span of male and female C57BL/6 mice from 10% to 16% (12) was conducted at the same time and in the same facilities as this study. Therefore, differences in husbandry cannot account for the different effects of rapamycin on these two mouse models. In addition, the C57BL/6 and db/db mice were given the same level of rapamycin (14 ppm) starting at the same age (4 months). However, blood levels of rapamycin achieved by 14 ppm in the db/db mice were lower (~ 2 ng/ml) than we observed in the C57BL/6 mice (3 to 5 ng/ml) (12) . Thus, the reduced life span of the db/db mice cannot be attributed to increased circulating levels of rapamycin. Rather, relatively low circulating levels of rapamycin are toxic to db/db mice. It should be noted that rapamycin levels as high as 42 ppm have been shown to increase the life span of UM-HET3 mice (10) .
One of the questions our study raises is why is rapamycin toxic for C57BL/KsJ-lepr db/db mice whereas it increases the life span of 12 different genotypes of mice. Dietary restriction, the manipulation most widely shown to increase life span and delay aging, has been Note: *p < .05, ***p < .001 compared with control diet. Body weight of diabetic mice fed control diet or rapamycin-containing diet. The body weights of the male and female db/db mice in Figure 1 were followed over their life spans. The graphs on the top show the raw body weights with a separate line for each mouse maintained on either the control (black) or rapamycin-containing (red) diet. The graphs on the bottom show the fitted body weights with 95% confidence intervals (dotted lines) for the male and female mice fed the two diets. In both genders, the rate of body weight loss for mice fed the rapamycin-containing diet was significantly (p < .0001) greater than that of the mice fed the control diet. In female mice, the gap between the two groups diminished significantly over time but nevertheless persisted throughout the 400-day follow-up period.
shown to shorten the life of some genotypes (45) . Therefore, it is possible that the toxicity of rapamycin is due to the genetic background of the mice, that is, the C57BL/KsJ background. While BKS was originally presumed to be a substrain of C57BL/6J, Davis and colleagues (46) showed that approximately 70% of the C57BL/KsJ mouse genome is derived from C57BL/6, with approximately 20% from DBA and another 9% from an unidentified donor, which appears to be a less common inbred strain or an outbred or wild strain. While we cannot rule out that rapamycin is toxic to the C57BL/KsJ strain, we feel it is highly unlikely because C57BL/6 and DBA make up most of the background of this strain, and mice containing these backgrounds have been shown to live longer when fed rapamycin. Table 3 . The severity of the renal lesions was scored using the criteria as follows: Grade 0: no lesions; Grade 1: minimal change in glomeruli (minimal glomerulosclerosis); Grade 2: Grade 1 with a few (less than 10) casts in renal tubules; Grade 3: Grade 1 with more than 10 casts in renal tubules; and Grade 4: Grade 3 with interstitial fibrosis. Tumor burden was calculated as the average number of different types of tumors in the group. The disease burden is the average of total number of pathological changes of any type found in individual mice from each group. The data were analyzed using ANOVA, and tumor burden was shown to be significantly different in the mice fed the control diet and the rapamycin-containing diet.
We believe that the toxic effect of rapamycin on the C57BL/KsJlepr db/db mice is most likely due to the leptin receptor mutation, which leads to obesity, diabetes, and a variety of other pathologies (41) , and as we have shown, a dramatically shortened life span. For example, we found that rapamycin increased the major cause of death in the db/db mice. Although not statistically significant, the incidence of suppurative inflammation was increased from 20% to 75% in the male and female db/db mice, respectively. Rapamycin has been shown to be proinflammatory when given to mice with insulin resistance and obesity (47) . Whether a similar effect is exerted by rapamycin in diabetic db/db mice needs to be directly studied. In addition, because the leptin receptor mutation has been implicated in delayed immune response (43) and because rapamycin was initially used in a cocktail with other compounds to prevent rejection in transplant patients, it is possible that rapamycin may further enhance the susceptibility of db/db mice to infections. Although rapamycin suppresses some immune functions, others are enhanced (19, 48) , that is, rapamycin is not globally immunosuppressive. In fact, a recent study in humans showed that elderly patients given a derivative of rapamycin (RAD001) actually showed increased response to influenza vaccine (49) . On the other hand, we observed that rapamycin significantly reduced both the incidence and severity of neoplasia in the male and female db/db mice, which is consistent with numerous studies showing an anticancer phenotype for mice fed rapamycin, for example, reduced incidence of tumors (6, 9, 11, 50) and increased life span of tumor-prone mice (13, 14, 16, 17, 19, 20) .
The toxicity of rapamycin in the db/db mice was not totally unexpected because chronic rapamycin treatment has been shown to result in insulin resistance in mice (10, 26) and rats (51) . In a recent study, Liu and colleagues (52) compared the effect of rapamycin on insulin sensitivity in UM-HET3 and C57BL/6 mice fed either a lowor high-fat diet. Chronic rapamycin treatment resulted in insulin resistance in mice fed both diets; no significant interaction between rapamycin and diet was observed suggesting that rapamycin promoted metabolic dysfunction equally in mice on both low-and highfat diets. While a high-fat diet significantly increased fasting blood levels of glucose and insulin, rapamycin did not significantly alter blood glucose or insulin levels on either the low-or high-fat diet. Thus, in "normal" wild type mice, the increase in insulin resistance by rapamycin does not lead to a diabetic phenotype, that is, increased blood levels of glucose and insulin. However, it is possible that rapamycin exacerbates the diabetic phenotype in the db/db mice. We recently showed that rapamycin increased fasting blood glucose in female but not in male db/db mice (53). Interestingly, resveratrol, which has also been touted as an anti-aging therapy, increases the life span and improves insulin sensitivity of obese C57BL/6 fed a high-fat diet (54); however, resveratrol has no effect on the life span of UM-HET3 or C57BL/6 mice (7, 55) .
In summary, this is the first study to show that life-long rapamycin treatment is harmful to a strain of mice. Currently, 15 studies have shown that rapamycin increases the life span of a wide variety of mouse models (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) , suggesting that rapamycin has an antiaging phenotype and would delay/prevent a variety of age-related diseases. Indeed, since showing that rapamycin increased the life span of mice, rapamycin has been shown to have a broad anticancer effect in a wide range of mouse models (13, 14, 16, 17, 19, 20) , improve cognition and prevent neurodegeneration in various mouse models [for a review see reference (56) ], and improve cardiac function in aging mice (57) . Because of these data in mice and because rapamycin is FDA approved, rapamycin has become one of the prime anti-aging candidates to take to humans. Although the current literature in mice show many potential benefits of rapamycin, our study points to potential side effects which might occur in obese/diabetic individuals. Therefore, it is important that the effect of rapamycin be studied in other animal models of diabetes, which more closely mimic diabetes observed in humans, for example, nonhuman primates. Also, because of the high incidence of obesity and diabetes in the United States, it is important that current and future clinical trials closely follow the effect of rapamycin or its rapalogues on metabolic syndrome in obese and diabetic individuals.
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